Two mutations are described that alter the pattern of inheritance of chloroplast genes in thlamydomonas. The mutant gene mat-l linked to the mating type allele mt-greatly increases the frequency of exceptional zygotes, i.e., zygotes that transmit chloroplast genes from the mt-(male) parent. In some crosses, 80-90% of the zygotes are biparental, transmitting chloroplast genes from both parents. The mat-2 mutation,) linked to mt+, acts to decrease the frequency of exceptional zygotes below the spontaneous level. The mutant effects are discussed in terms of a DNA modificationrestriction system, postulated to regulate the transmission of chloroplast DNA in zygotes.
The organelle DNAs of eukaryotic cells, associated with mitochondria and with chloroplasts, show a very different mode of transmission than do the nuclear DNAs of the same organisms, as revealed by genetic analysis (1) . Nuclear genes give simple Mendelian.ratios, resulting from equal transmission of parental chromosomes, whereas cytoplasmic genes of chloroplasts and mitochondria give non-Mendelian ratios often described as maternal or uniparental. Indeed, maternal inheritance, complete or partial has been the hallmark of cytoplasmic inheritance in all organisms in which cytoplasmic genes have been examined. This paper reports the properties of two nuclear mutations in Chlamydomonas that dramatically alter the pattern of inheritance of cytoplasmic genes located in a linkage group associated with chloroplast DNA (1) (2) (3) (4) . The discovery of these mutations has provided new material for investigating the molecular basis of maternal inheritance. Previous studies (2, 5, 9) led us to propose a system of modification and restriction of chloroplast DNA, regulating the inheritance of chloroplast genes in Chlamydomonas (1, 2, 5) , analogous to the modification-restriction system of bacteria (6) (7) (8) . The mutations to be reported here provide evidence in support of the modification-restriction hypothesis, and will be discussed in that light.
MATERIALS AND METHODS
The cytoplasmic and nuclear markers used in these crosses have been described (3) . Gametes were prepared and mating was carried out as described (3, 9) . To classify progeny for percent exceptional zygotes, we plated aliquots of mating suspensions at suitable dilutions on media with and without drugs to select for cytoplasmic drug-resistant markers. The percent exceptional zygotes was calculated as percent of zygote colonies arising on media selecting for markers of the mt-parent. Biparental zygotes were distinguished by growth on media selecting for markers of both parents.
RESULTS
Effects of the mat-i and mat-2 Mutations. The mat-1 and mat-2 mutations were discovered among the progeny of a routine laboratory cross. The mat-i mutation was identified by the very htgh frequency of exceptional zygotes occurring in crosses not irradiated with ultraviolet light. The mat-2 mutation was identified by the very low frequency of exceptional zygotes occurring in crosses that were irradiated with ultraviolet light. Both of these results were unexpected, and differed markedly from all of our previous observations and from control crosses performed at the same time.
Previous studies (reviewed in ref. 1) established that chloroplast genes are normally transmitted to all four meiotic products from the mt+ (female) parent only, while those from the mt-(male) disappear in the zygote and never reappear. Spontaneous exceptional zygotes were found at a frequency of about 0.1% in our strains. They are of two types: biparental and paternal, and are distinguishable as shown in Fig. 1 . We subsequently found (9) that UV irradiation of the female parent (but not of the male) just before mating could greatly enrich the yield of exceptional zygotes under conditions of little or no lethality. The ratio of maternal: biparental: paternal zygotes was found to be UV-dose-dependent, and the IJV effect was shown to be photoreactivable. (average, 2.0%), indicating that the mat-i gene had not been transmitted through the F1 mt+ progeny. Thus, the mat-iallele appears to be linked to mating type.
The effects of UV irradiation of gametes in crosses involving mat-i are shown in Fig. 2 . In the unirradiated controls, in panel 1 (NI 9 X NI d), wild-type control cross (white bars) gave almost exclusively maternal zygotes, whereas in the cross of wild-type mt+ X mat-i -mt-(black bars) the majority of zygotes were exceptional. This difference shows graphically the major effect of the mat-i gene. The other panels show the effects of UV irradiation without (UV-Dk) and with (UV-Lt) l)hotoreactivation. Irradiation of the female parent (panel 2) brought the exceptional zygotes up to 100% in the mutant cross, showing that the effect of UV irradiation was additional to that of the mat-i -gene, and photoreactivation (panel 3) brought the distribution of zygote types back towards the unirradiated condition. Irradiation of the male parent (panel 4) in both crosses reversed the mat-i phenotype, restoring maternal inheritance, and this effect was slightly reversed by light (panel 5). As will be discussed below, it is not known whether the effects of UV irradiation on the wild-type mt+ cells, inhibiting maternal inheritance, and Frequency of maternal (M), biparental (B), and paternal (P) zygotes in two crosses: white bars, mat-i + mt + X mat-i + mt black bars, mat-i + mt + X mat-i -mt-; NI, not irradiated; UVDk, 50 sec of UV irradiation; UV-Lt, 50 sec of UV irradiation plus photoreactivation.
upon the mat-i -tnt-cells, restoring maternal inheritance, are the result of a common mechanism or not. It is evident, however, that the mat-i -gene acts like UV light in protecting male chloroplast DNA, but here too the mechanisms probably differ, since the effects are additive.
The unexpected very low frequency of exceptional zygotes of a routine cross led to the discovery of the miat-2 mutation. This cross was done three times with similar results (Table  2) . Both parents were then test-crossed and the low yield was traced to the mnt+ parent. Back-cross tests of F1 progeny of both mating types from several zygotes revealed a consistent pattern ( Table 2 ). The frequency of exceptional zygotes averaged 20-fold lower with F1 mt+ progeny than with F1 mt-progeny. Thus, the mutation behaves as if it were closely linked to the mt+ allele. The effect of the mnat-2 mutation is seen even more strikingly after UV irradiation (Fig. 3) . With increasing exposure to UV irradiation of wild-type gametes, the frequency of exceptional zygotes approaches 100%, and both biparental and paternal classes of zygotes are found.
With mat-2-gametes, however, UV irradiation increases the B P M B P ( 9) mt-(ca) scored zygotes frequency of exceptional zygotes only slightly, and regardless of UV dose, almost all of the exceptional zygotes recovered are biparental. Paternal zygotes (lacking chloroplast genes from the female parent) have rarely been found in crosses involving mat-2-.
Thus, the mat-2 mutation confers apparent UV resistance to gametes that carry it, as judged by the limited effectiveness of UV irradiation in increasing the frequency of exceptional zygotes. However, the mat-2 mutation does not confer a heightened UV resistance to vegetative cells, as shown by the similarity of killing curves for wild-type cells (21gr) and mat-2-cells (Fig. 4) .
Interaction Between mat-1 and mat-2. Crosses were made between strains carrying the mat-i and mat-2 mutations with and without prior irradiation of either parent. The results of one experiment (Table 3) show that mat-i is expressed in the zygote regardless of the presence of mat-2. In two other experiments, the results were similar but the yield of exceptional zygotes was somewhat lower in the presence of mat-2 than in its absence. Most striking in all experiments was the presence of paternal zygotes in crosses of mat-2 X mat-1, but none in crosses of mat-2 X mat-2+. Thus, the principal effects of the mat-2 mutation are not seen when both mutant genes are acting in the same zygote. The principal properties of the mat genes are summarized in Table 4 .
DISCUSSION
This paper reports the properties of two nuclear gene mutations, linked to the mating type locus, that alter the transmission of chloroplast genes in Chlamydomonas. The mat-i mutation greatly increases the frequency of exceptional zygotes, i.e., zygotes that transmit genes from the male parent to all progeny, contrary to the rule of maternal inheritance. The mat-2 mutation decreases this frequency below the spontaneous level, and diminishes the effectiveness of UV irradiation in inhibiting maternal inheritance.
The mat-i mutation bears on the vexed question of criteria for unambiguous identification of cytoplasmic genes. Since the transmission of cytoplasmic genes is not governed by the behavior of chromosomes on a spindle, one of the most success- (10) and further documented in numerous subsequent studies (1, 11) of this system, the pattern of maternal transmission of cytoplasmic genes is regulated by the mating type locus or by factors tightly linked to it. Since the mating type difference probably governs a number of coupled molecular events, it seems likely that several genes are localized in the mating type region; this possibility was first discussed by Gillham (12) .
The molecular basis of maternal inheritance has been the subject of several studies, beginning with our discovery that the process could be inhibited by UV irradiation of the female (mt+) parent before mating (9) . More recent studies at the cellular level (5) have shown that ethidium bromide (10 ,yg/ml) produces an effect similar to UV irradiation when female gametes are pretreated before mating, whereas inhibitors of chloroplast protein synthesis block maternal inheritance more effectively when male gametes are pretreated. Thus, both parents were shown to contribute different but essential components to the process of maternal inheritance.
The different fates of chloroplast DNAs coming from the two parents were followed in very young zygotes soon after fusion had occurred, by prelabeling the parents differentially with 15NH4Cl and with '4NH4Cl (2) . Total DNAs were extracted at 6 and at 24 hr after mating and examined in CsCl gradients. Two remarkable events were discovered: (i) Chloroplast DNA from the female parent undergoes a density shift, becoming about 0.005 g/cm3 lighter, within 6 hr after mating. This density shift is seen most clearly in unlabeled controls.
(ii) Chloroplast DNA from the male parent disappears from CsCl gradients within the first 6 hr after mating. This loss is seen unambiguously in reciprocal crosses between 14N-and '5N-labeled parents. We have interpreted these findings in terms of DNA modification and restriction. We proposed (1, 2) that the density shift of female chloroplast DNA represents a modification that protects the DNA from cleavage by a restriction enzyme that attacks the homologous DNA from the male parent.
Chiang (12, 13) has reported the results of similar experiments using parents pregrown with [3H ]-and [14Cjadenine to distinguish the parental DNAs in zygotes, and in a later report, using both density and radioisotope labeling. He reported equal contributions of label from both parents in DNAs extracted several days after mating and from zoospores after meiosis and zygote germination. He concluded that chloroplast DNAs of both parents were conserved in the zygote. This erroneous conclusion is the consequence of experimental difficulties, including poor resolution of chloroplast DNA in preparative CsCl gradients and the choice of late sampling times in zygote development. As we found, the significant events that determine maternal inheritance of chloroplast DNA occur within a few hours after zygote formation.
Proposed Functions of the mat-i and mat-2 Genes. The properties of the mat genes can be accommodated within a model previously proposed (5) to explain the mechanism of maternal inheritance in Chlamydomonas. An inactive modification enzyme, M, is postulated in the chloroplast of mt+ gametes, and an inactive restriction enzyme, R, in the chloroplast of mt-gametes. Both enzymes are activated at the time of mating; their effects are seen only in zygotes. The activation of these two enzymes is regulated by a pair of postulated compounds, GI and G2. The fact, noted in light microscope (Sager, unpublished) and electron microscope (14, 15) studies, that chloroplast fusion occurs some six hours after zygote formation, provides time for modification to occur within the chloroplast from the female parent and degradation of chloroplast DNA to occur within the lplastid from the male parent, while both coexist within the zygote.
Proc. Nat. Acad. Sci. USA 71 (1974) Previously (5) we proposed that G1 and G2 were both synthesized in the mt+ gamete, but some properties of the mat mutations described in this paper have led us to alter this aspect of the model. We now propose that G1 is produced in the mt+ gametes at the time of mating, and activates both enzymes, M located in the chloroplast from the mt+, and R in the chloroplast from the mt-. G2 is produced in mt-gametes at the time of mating, and acts to inhibit G1. Thus, the activation of M and R is regulated by the balance between G1 and G2. In our wild-type strains, G1 is much more effective than G2, and most zygotes show maternal inheritance. UV irradiation of the wild-type blocks G1 activity, leading to the absence of both M and R, and consequently, the recovery of biparental zygotes. We postulate that the mat-i mutation increases the effectiveness of G2 vis-a-vis G1, whereas the mat-2 mutation makes G1 even more effective than it is in the wildtype. UV irradiation of the mat-i -mutant blocks production of G2 and thus restores maternal inheritance, as shown in Fig. 2, panel 4 .
The identities of G1 and G2 are not defined in this hypothesis. Since they are tightly linked to mating type, it seems likely that they are part of the modification-restriction system, and may represent controlling elements associated with or part of the genes coding for these enzymes.
In summary, two nuclear mutations have been described that alter the pattern of transmission of chloroplast genes in Chlamydomonas. The importance of these mutations lies, first, in the identification of genes that regulate maternal inheritance, a property that is both fundamental and widespread in nature, and, second, in providing material for a direct test of the modification-restriction hypothesis at the molecular level.
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